Introduction
e worldwide petroleum industry is now making a historic leap from conventional to unconventional oil and gas. Oil shale is one of the most important sources of unconventional oil and gas, and the shale oil extracted from oil shale is an ideal alternative energy source and has broad prospects [1] . China is one of the largest producers for unconventional oil extracted from oil shale. e oil shale resources in China are mainly distributed in Jilin, Liaoning, and Guangdong provinces. Oil shale can yield shale oil, retorting gas, and semicoke by retorting technology [2, 3] . Natural oil shale has high mineral composition, so the retorting solid byproduct, that is, oil shale semicoke, is usually in good integrity of rock. Owing to the absence of efficient disposal techniques, landfill is always adopted to dispose of oil shale semicoke. However, this method not only occupies much land resource but also causes great hazards to environment [4] [5] [6] [7] .
A good solution for disposing of semicoke is partly recycling to burn it as a low-grade fuel, which needs to cocombusted with some high calorific fuels at a certain rate in the circulating fluidized bed combustor. Another common utilization of semicoke is to reprocess it as a raw material of fertilizers and construction products [8] [9] [10] [11] [12] [13] [14] [15] [16] . All these processes are complex, and the treatment costs are relatively high. However, the abovementioned methods to dispose of oil shale semicoke are not mature enough to be widely applied currently, and the consumption of semicoke is very limited. us, the remainder is still a waste requiring large disposal areas, causing land and environmental problems. e main chemical compositions of oil shale and oil shale semicoke are SiO 2 , Al 2 O 3 , CaO, and Fe 2 O 3 , which can be successfully utilized in the pozzolanic reaction [17, 18] . Oil shale ash is a byproduct after oil shale or oil shale semicoke combustion. To use the pozzolanic characteristics of oil shale, some scholars studied on the performance of oil shale ash as binder and filler materials of road construction. For instance, Raado et al. [19] used oil shale ash as the main binder for low strength concrete. e laboratory results showed that the water resistance was improved and expansion diminished with proper oil shale ash content in the concrete. Al-Massaid et al. [20] studied the use of oil shale ash as a partial substitute for the asphalt binder in bituminous paving mixtures under normal conditions as well as under freezing and thawing conditions. e test results indicated that the substitution of ash up to 10 percent by volume of asphalt would improve the performance of mixtures under both conditions. It follows that the chemical composition of oil shale ash is partly active. However, no attempt has been made to evaluate the practicability of oil shale semicoke as a road construction aggregate. rough the preliminary investigation, we found that oil shale semicoke of Jilin province is in good integrity of rock and has a certain strength. Meanwhile, oil shale semicoke in the landfill site has a relatively continuous gradation. ese characteristics have certain similarity to graded crushed gravel. On the other hand, the active ingredient in semicoke may be beneficial for the pozzolanic reaction with cement.
ese allow semicoke to have potential applications as aggregate of cement-stabilized road base or subbase course construction, and oil shale semicoke would be utilized in large quantities. erefore, the problems caused by accumulation of oil shale semicoke can be solved significantly. Furthermore, the environmentally friendly target, saving natural gravel resource, and resource utilization of oil shale semicoke could be achieved. In this connection, researchers have investigated the practicability of cement-stabilized oil shale semicoke as a road base or subbase course construction material.
In recent decades, many researches have been done on using different kinds of industrial waste residue instead of sand or gravel to prepare the pavement base materials, which provide valuable preferences for the research on performance of oil shale semicoke acting as a base course material in this paper. In the Netherlands, blast furnace slags are used as a self-cementing road base material on a wide scale for many decades [21] . Singh et al. [22] carried out investigations on cement-stabilized fly ash-granulated blast furnace slag mixes in order to evaluate its performance for road embankments and for base and subbase courses of highway pavements. ey confirmed its suitability for use in base and subbase courses in highway pavements with proper combinations of raw materials. Sharma and Sivapullaiah [23] investigated the effect of the joint activation of fly ash-and ground-granulated blast furnace slag on the unconfined compressive strength of mixtures of these two materials. is study suggested that properly designed combinations of fly ash-slag-lime can be used as construction materials for infrastructure projects such as structural fills or subgrade and subbase courses in pavements without requiring large quantities of lime. Based on experiment study in gangue base course mixture materials for pavement, Wang et al. [24] concluded that coal gangue, acting as the solid skeleton of pavement base materials, can efficiently reduce the drying shrinkage. Additionally, similar to fly ash in mixture material, gangue can react with lime (so called pozzolanic reaction), resulting in the formation of a certain strength, good water stability, and frost resistance, which is good overall for the pavement base. Similarly, additional strength may be provided, utilizing oil shale semicoke as the solid skeleton of base course materials, because of the pozzolanic characteristics in oil shale semicoke. Zhang et al. [25] conducted test research on temperature shrinkage performance of cement-stabilized coal gangue base course materials. Analysis of test results shows that cement cinderstabilized coal gangue base course materials have less temperature shrinkage coefficient, which are propitious to pavement base course in cold areas. Cheng and Zhang [26] studied anticracking performance of cement-stabilized coal gangue. To have both road performance and anticracking performance, researchers recommended that reasonable proportion of cement in cement-stabilized coal gangue is five percent to six percent. Pasetto et al. [27, 28] carried out experimental evaluation of high-performance base course and road base asphalt concrete with electric arc furnace steel (EAF) slags. e mixtures with EAF slags presented better mechanical characteristics than those of corresponding asphalts with natural aggregate, and the test result of rheological characterization indicated that the environmental sustainability of modified asphalt concrete with EAF slags can be further enhanced. Androjić and Dimter [29] conducted compressive strength testing on stabilisation mixes with steel furnace slag to check whether slag can be used as aggregate in pavement base courses and confirmed that slag can be used in stabilized base courses of pavement structures. Zhang and Ren [30] studied strength and thermal conductive characteristics of cement-stabilized cinder base and concluded that cinder content should be in 35%∼40% to have both strength and thermal conductivity of fillings. Liu et al. [31] investigated the pavement performance of cementstabilized municipal solid waste incineration bottom ash aggregate (BAA) and crushed stones. Based on the performance analysis, it is recommended that the dosage of BAA is 20% to 30%. Qin et al. [32] evaluated the corrosion resistance of manganese slag cement-stabilized macadam base. It was observed that corrosion resistance and scour resistance performances were significantly improved with the incorporation of manganese.
In this paper, the properties of raw materials were first studied.
en, the performances of cement-stabilized oil shale semicoke were tested, including compaction characteristic, unconfined compressive strength, splitting strength, compressive modulus of resilience, and frost resistance. Two types of aggregate gradation structures, suspend-dense structure (SDS) and framework-dense structure (FDS), were used throughout the tests to study and compare the performances. Finally, the suitability of oil shale semicoke as a road base or subbase course construction material was discussed.
Background
In China, abandoned oil shale semicoke landfill occupies a large number of forest land and farmland owing to the absence of efficient disposal techniques, as shown in Figure 1 . In order to alleviate the environmental and land occupation pressure of oil shale semicoke landfill, oil shale retorting plants need to afford a great deal of extra cost every year. erefore, a method of disposing large amount of oil shale semicoke is of great signi cance to environmental protection and ecological sustainability.
Semirigid base has been widely used in high-grade asphalt pavement in China for decades. Semirigid pavement is composed of asphalt pavement, semirigid base, semirigid subbase, and soil base, whose main bearing layer is semirigid base and auxiliary bearing layer is semirigid subbase. Semirigid base or semirigid subbase is usually composed of cement or lime, y ash, and other inorganic binders mixed with gravel or graded industrial waste aggregate, whose rigidity is between exible base and rigid base. In the early curing period, semirigid base shows a mechanical property approximated to the exible base course, while its strength and sti ness increase greatly in the later curing period.
erefore, the mechanical property of semirigid base especially caters to performance requirements of asphalt pavement. Figure 2 gives the typical semirigid pavement structure in China.
Preliminary investigation results show that oil shale semicoke in Jilin province is in good integrity of rock and has a certain strength. Combining with the pozzolanic characteristics of oil shale, there is a potential possibility that graded oil shale semicoke can replace gravel as a road base or subbase course construction material. In terms of above analysis, the suitability of oil shale semicoke acting as the solid skeleton of cement-stabilized pavement base materials was studied. A series of laboratory tests were conducted to investigate the performance of cement-stabilized oil shale semicoke mixture in this paper.
Raw Materials
e oil shale semicoke used in this investigation was collected from processing plant in Wangqing County of Jilin province; its appearance is shown in Figure 3 . e oil shale semicoke was sieved to di erent grain size ranges, including coarse aggregates ranging from 5 mm to 31.5 mm and ne aggregates smaller than 5 mm, to prepare the mixture.
A scanning electron microscope (SEM) was used to investigate the microsurface characteristics of oil shale semicoke.
en, X-ray photoelectron spectroscopy (XPS) and X-ray uorescence spectrometry (XRF) were used to test and analyze the elemental and chemical compositions of oil shale semicoke. e result of SEM is shown in Figure 4 .
According to Figure 4 , it can be seen that the surface of oil shale semicoke is rough, and it is densely embedded on the surface by irregular granular and aky structure. e oil shale semicoke is featured in dense structures, and there are only some irregular pores.
Elemental composition of oil shale semicoke was studied by XPS. e XPS is illustrated in Figure 5 , and the result of elemental composition analysis is shown in Table 1 .
e chemical composition of oil shale semicoke was determined by XRF. Table 2 gives the test result.
As shown in Table 2 , the main chemical compositions of oil shale semicoke are SiO 2 , Al 2 O 3 , CaO, and Fe 2 O 3 , whose active parts probably can be utilized in the pozzolanic reaction, forming an extracertain strength.
e physical properties of oil shale semicoke, including apparent density, gross volume density, water absorption, crushing value, and free expansion rate, were tested as per the Chinese speci cation of JTG E42-2005 [33] . All oil shale semicoke materials needed for tests should be selected from the stack by using the sample quartering method, and the indoor temperature should be controlled around 25°C.
ese physical properties of oil shale semicoke were tested at least twice, and Table 3 shows the averages of the test results. As shown in Table 3 , oil shale semicoke has smaller density, higher porosity, higher water absorption, and lower strength than natural gravel, which means lower strength and sti ness than natural gravel. erefore, it is not recommended to use oil shale semicoke as a load-bearing aggregate of heavy tra c road construction material.
e ordinary Portland cement of grade 32.5 was procured from Jilin Yatai Dinglu Cement Ltd., and its performance was tested using the method of Chinese speci cation GB 175 [34] . All testing instruments should be checked to comply with the speci cation. Laboratory temperature is 20 ± 2°C and the relative humidity should not be less than 50%, while the controlled chamber temperature is 20 ± 1°C and the relative humidity should not be less than 90%. In compressive strength and exural strength test, the water-binder ratio should be 0.50 and the uidity of cement mortar is not less than 180 mm. e results are shown in Table 4 .
Preparation of Specimens
Suspend-dense structure (SDS) and framework-dense structure (FDS) were selected as the gradation structure types of oil shale semicoke aggregate in this paper. SDS and FDS are the two most commonly used gradation structure types of semirigid base or semirigid subbase in China. As shown in Figure 6 , FDS contains more coarse aggregates than SDS. at is, the structure model of FDS is ne aggregates lling the skeleton formed by the extrusion of the coarse aggregates, while the structure model of SDS is coarse aggregates distributing in very dense ne aggregates. e two gradation structure types were designed as per Chinese speci cation JTG D50 [35] , which gives a detailed introduction to design standards of Chinese highway asphalt pavement. e gradations and gradation curves of SDS and FDS in this paper are shown in Table 5 and Figure 7 , respectively.
To simulate the engineering practice of highway base course construction in China, considering that the density of oil shale semicoke is less than natural gravel, cement contents of SDS and FDS mixes of cement-stabilized oil shale semicoke are both 7% in this paper. e Chinese specication JTG E51 [36] introduces road performance test methods of cement stabilized materials, which is the main reference of this paper.
e moisture contents versus dry density relationships for SDS and FDS mixes of cement-stabilized oil shale semicoke were determined by using the modi ed compaction test as per Chinese speci cation JTG E51 [36] . Model LD-140 electric compaction device was used in this paper as shown in Figure 8 . According to the dry density and moisture content relationship, as shown in Figure 9 , the optimum moisture content (OMC) and maximum dry density (MDD) were calculated. e OMC and MDD are summarized in Table 6 .
According to Chinese speci cation JTG E51 [36] , cylinder specimens of SDS and FDS were prepared at their respective OMC and MDD by applying static compressive force in a constant volume sampler. e compacted specimens were 150 mm in diameter and 150 mm in height. All of the samples were cured in a temperature and humidity controlled chamber (curing temperature � 20°C ± 2°C; curing relative humidity >95%) for 7, 28, and 90 days. e cylinder specimens were used for the tests on the UCS, STS, CRM, and frost resistance performance.
Methodology

Experiments.
In this paper, the engineering properties of cement-stabilized oil shale semicoke were evaluated.
Laboratory tests such as unconfined compressive strength (UCS) test, splitting tensile strength (STS) test, compressive resilient modulus (CRM) test, and freezing-thawing test were conducted. e cured specimens of SDS and FDS mixes were prepared as per the specific test requirements. e experiments were divided into 12 test groups, as shown in Table 7 . In order to make the test results more representative, each test group consisted of 13 repeated samples, and the test results were processed with statistical methods. Figure 6 : Gradation structure models: (a) structure model of FDS and (b) structure model of SDS. Advances in Materials Science and Engineering
Uncon ned Compressive Strength Test.
UCS is the basic technical index of a base course material. It re ects the ability of the base structure to bear load, which is determined by the coarse aggregate extrusion structure, e ect of ne aggregate lling, and bond strength of binder. UCS of SDS and FDS mixes of cement-stabilized oil shale semicoke was determined as per Chinese speci cation JTG E51 [36] . As shown in Figure 10 , the mechanical testing and simulation (MTS) device was adopted to test the UCS of cured samples, using the strain-control condition at an axial strain rate of 1 mm/min. UCS of samples is calculated using
where R c is the UCS of one sample (MPa), P is the maximum loading leading to sample failure (N), and A is the sectional area of one sample (mm 2 ). en, the UCS values at curing times of 7, 28, and 90 days were determined.
Splitting Tensile Strength Test.
In the STS test, the sample is subjected to the tangential tensile stress and radial compressive stress at the same time, and its stress state is closer to the stress state of actual pavement structure than the direct uniaxial tension. erefore, STS can re ect the Water content (%) Figure 9 : Moisture-density curves of SDS and FDS. tensile capacity of the base course material, which is mainly determined by the bond strength of the binder. e STS tests were conducted according to Chinese specification JTG E51-T0855-2009 [36] . e samples were cured for 90 days. As shown in Figure 11 , the tests were conducted using an aligning jig to apply a force along the longitudinal side of the samples, with an axial strain rate of 1 mm/min. e STS is calculated out by
where R i is the STS of one sample (MPa), P is the maximum loading leading to sample failure (N), and H is the height of the sample (mm).
Compressive Resilient Modulus Test.
e CRM test is used to study the stiffness performance of the base course structure, reflecting the compressive strength and the ability to resist vertical deformation of the base course material. e CRM tests were conducted in accordance with Chinese specification JTG E51 [36] . e samples were cured for 90 days. As shown in Figure 12 , the mechanical testing and simulation (MTS) device was used to apply a pressure to samples at a loading rate of 1 mm/min.
e maximum applied loading is about 70% of UCS and divided into six progressively loading. e loading gradually increased from a low load to a high load; the deformations of each loading level were recorded. e compressive resilient modulus is calculated using
where E c is the compressive resilient modulus (MPa), P is the progressively pressure (MPa), H is the height of the sample (mm), and L is the resilient deformation (mm).
Freezing-awing Test.
e freezing-thawing test was conducted to evaluate the ability of frost resistance and fatigue resistance of the road base course structure. e frost resistance was tested according to Chinese specification JTG E51 [36] . e frost resistance of samples after 28 days of curing was evaluated by the loss ratio of UCS after 5 freezethaw cycles of samples. e samples of cement-stabilized oil shale semicoke mixes were exposed to 5 freeze-thaw cycles consisting of freezing for 16 h in a temperature controlled chamber of −18 ± 1°C and thawing for 8 h in water of +20 ± 1°C. Figure 13 gives the samples' appearance change of two gradation structure types, that is, SDS and FDS, during the freezing-thawing test. e frost resistance index is finally given by
where BDR, the frost resistance index, is the loss ratio of UCS of the sample after 5 freeze-thaw cycles (%), R DC is the UCS after 5 freeze-thaw cycles (MPa), and R c is the UCS of the reference sample not subjected to any freeze-thaw cycles (MPa).
Results and Discussion
Unconfined Compressive Strength.
e UCS test results of samples with different gradation structure types and curing times are shown in Table 8 . According to Chinese specification JTG E51 [36] , the strength representative values in Table 8 can be used in the strength performance evaluation of cement-stabilized oil shale semicoke. e UCS at 7 days of cement-stabilized materials should comply with the requirements of Chinese specification JTG/T F20 [37] , which rules the UCS standard at 7 days for cement-stabilized materials, as shown in Table 9 . It is observed that the UCSs at Advances in Materials Science and Engineering 7
7 days of cement-stabilized oil shale semicoke with two gradation structure types, SDS and FDS, are both greater than 3.5 MPa, which meets the subbase requirements of all highway grades and traffic grades and the base requirements of highway with lower grade or lighter traffic.
UCS of cement-stabilized oil shale semicoke grows with the increase of curing time. Figure 14 gives the trends of strength growth for two gradation structure types with curing time.
From Figure 14 , UCS of cement-stabilized oil shale semicoke increases with increasing curing time. e UCS Table 9 : UCS standard at 7 days for cement-stabilized materials. results at 7 days of FDS and SDS are similar, whereas the strength growth of SDS at 28 days is signi cantly higher than that of FDS. From then on, the strength growth trends of the two gradation structure types are similar until the 90 days. It's obvious that the strength growth di erence of the two gradation structure types mainly occurs during the period from 7 days to 28 days. e mixture structure is composed of aggregate, ne material lling, and cement bonding, whose strength is mainly determined by the strength of aggregate itself and the bond strength of hydration of cement. During the 7 days of curing time, the bond strength of cement is initially formed, which is smaller than the strength of aggregate itself and the UCS is mainly determined by the bond strength of cement. erefore, the UCS results at 7 days of FDS and SDS are similar because of the same cement content. During the period from 7 days to 28 days, the bond strength of cement increases signi cantly. Considering that the crushing value of oil shale semicoke aggregate is larger than natural gravel, the strength of the sample is largely determined by the crushing of the aggregate. FDS mixture contains more coarse aggregate than SDS mixture, which means that the FDS sample is easier to be crushed than SDS, showing smaller UCS than SDS.
e crushed samples at 28 days of two gradation structure types were arti cially cracked, as shown in Figure 15 . Comparing the internal cracking surfaces of the two samples, it can be seen that FDS appeared to be an obvious phenomenon of locally crushed coarse aggregate leading to failure. Analyzing the gradation di erence of FDS and SDS, SDS has more 2.36 mm-9.5 mm aggregate content, less 19 mm-31.5 mm aggregate content than FDS, which means less in uence from framework aggregate crushing of oil shale semicoke on the sample failure than FDS. Secondly, gradation of SDS makes the mix graded better than FDS, thus increasing the compacted density and hence the mechanical strength of the compacted mixture. ere is also an appreciable gain in strength with addition of ne oil shale semicoke at constant cement content, because ne oil shale semicoke contains reactive SiO 2 , Al 2 O 3 , CaO, and Fe 2 O 3 , which can be e ectively utilized in the pozzolanic reaction with cement. Table 10 shows the STS test results of SDS and FDS at curing time of 90 days.
Splitting Tensile Strength.
As shown in Table 10 , the STS of FDS is 0.46 MPa, while the STS of SDS is 0.65 MPa, indicating that the aggregate Advances in Materials Science and Engineeringstructure has obvious in uence on the tensile strength of mixtures, and SDS exhibits better tensile properties. In addition, the coe cient variation of FDS is 13.57%, while the coe cient variation of SDS is 4.99%, indicating that SDS has better performance stability and smaller discreteness.
Compressive Resilient Modulus.
e CRM of SDS and FDS was tested in parallel. In order to make the test results representative, a set number of repeated tests were conducted by using three times the mean square deviation method to eliminate outliers. e mean values of the resilient deformation at 6 loading levels are listed in Table 11 , and the relation curve between progressively pressure and resilient deformation is shown in Figure 16 .
It can be seen from Figure 16 that the CRM results of SDS and FDS are similar. Modifying the false deformation of curve in Figure 16 according to Chinese speci cation JTG E51 [36] , the CRM was calculated using (3). e calculation results are as follows: e CRM values of SDS and FDS were 1010 MPa and 1130 MPa, respectively. During the curing period of 90 days, there is a protracted and complex physical and chemical reaction between cement and the reactive SiO 2 , Al 2 O 3 , CaO, and Fe 2 O 3 in oil shale semicoke, resulting in additional lling and bonding e ect, which contributes to the increase of the sti ness performance of samples.
Frost Resistance.
e results of freezing-thawing tests with 5 freeze-thaw cycles are shown in Table 12 . It is observed that the BDR and mass loss rate of FDS are 82.28% and 1.7%, respectively, while the BDR and mass loss rate of SDS are 91.1% and 0.7%, respectively. erefore, it can be said that cement-stabilized oil shale semicoke mixture shows good frost resistance, and SDS has better frost resistance than FDS.
Conclusions
In this paper, the suitability of cement-stabilized oil shale semicoke as a road base or subbase course construction material was investigated, and the following conclusions are reached:
(1) e UCS at 7 days of cement-stabilized oil shale semicoke could satisfy Chinese subbase requirements of all highway grades and tra c grades and base requirements of highway with lower grade or lighter tra c. (2) Further investigation on cement-stabilized oil shale semicoke-gravel mixes as a highway construction material is in progress.
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